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Abstract. Geodetic observations of the January 29, 1994 M 5.1 aftershock to the
Northridge earthquake are consistent with seismic solutions showing left-lateral oblique
slip on anortheast-southwest striking steeply dipping fault. Thirty second solutions
of the data from the station showing the maximum observed displacement (35 nmm)
indicate no precursor and no immediate post- seismic motion to the aftershock. The
afte rshock does appear to be super immposed over the longe r term Northridge post-seismic
deformation field. Inversions of the data yield a potency of 2.6 + 0.3 x 107*km? implying
a rigidity of 1.9 + 0.2 x 10"'dyne/cm2 The geodetically determinedrigidity is consistent,

with rigidity determined from P and S wave velocities of the area.



Introduction

The M,, 6.7 Northridge earthquake occurred onJanuary 17,1994 at 4:31 am inthe
denscly populated San Fernando Valley [Jones ¢f al.,, 1 994]. The earthquake ruptured
a south-dipping thrust fault from a depth of 18 kimnorthward into the Santa Susana
Mountains to a depth of 5kin. Several large aftershocks occurred inthe two days
following the earthquake andthe aftershock sequence decayed in a normal manner with
time [Hauksson et al., 1 995]. T'wo M >5 aftershocks occurred later in the sequence, a
M 5.1 on January 29, 1994 in the Santa Susana Mountains,and aM 5.2011 March 20,
1994 under the San Fernando Valley.

The first aftershock (January 29, 1994) was very shallow bad on first motion
mech anisms, occurring at a depth of 1.59 km[Haukssonetal., 1 995]. The mechanism
shows primarily left lateral motion with a small normal component, to it on a nearly

vertical north-clipping fault (l'able1). The plane strikes northeast-southwest and was

located at the northwest corner of the Northridge rupture zone and aftershock sequence.

The second aftershock showed oblique left-lateral thrusting on a south-dipping fault
14 .6s kmdeep.

GPS data were being collected at stations near the epicenters of both of these
aftershocks when they occurred (Figure 1). Wesee significant offsets in the GPS data
for the shallow first aftershock (January 29) ant{ no detectable motion from the deeper
second aftershock (March 20). Results from tiic GPS data enable us to put constraints
onthe mechanism of the January 29 aftershock and also place boundson the crustal

rigidity in tile region of the event.

Geodetic Observations

We analyzed the GPS data using GIPSY/OASIS 11 [Zumberge et al. 1997] in 24
hour solutions. Since we saw no detectable motion for the March 20 aftershock we did

not purstie further analysis of those data. For the January 29 aftershock we analyzed
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the data inapproximate 12 hour solutions before and after the carthquake for the

day of the earthquake and also in 30 second solutions for the station SAFE. We fixed
ambiguities and transformed the data such that far-field fiducial stations (Goldstone,
Harvest, Quincy, and Vandenberg) snowed no offset or scatter during the time period.

The time series of the data show offsets near the epicenter of the aftershock and
little motion in the far field (Figure 2). Both LNCIH and SAF'E, show a drift through the
time series that is most likely attributable to post-seismic motion from the Northridge
mainshock. CSUN and |, NC II, located southeast of the event, show offsets to the cast
and JPL. shows a large offset to the south and a smaller offset to the west. It appears
that at station SAFE the post-seismic and coseismic motions result fromthe same stress
ficld. JPLM located nearly 50 km from the aftershock shows negligible motion during
the entire time period and also the clay of theevent. To calculate the station offsets
(Table 2) we opted to use datafrom just the day of the eventinorder to minimize error
from both daily scatter and pc)st-seismic transient motions.

The north offset of SAVE is large enough to show up in 30 second kinematic
solutions. We calculated 30 second solutions for this station on the clay of the aftershock
to look for either pre- nor post-seismic motions. Although the scatter in these solutions
is about 1 cm it is clear that the data show only a step at the time of the earthquake
(Figure 3). Neither pre-or post-seismic motions are observable. Over a longer time
period it appears as if a pre-seisimicsignal on the order of about 7 mm may have

occ urred, but the signal is only marginal at best.

Inversions

We inverted the data for the best fitting fault parameters and found the results to
be similar to the seismic solution though offset about 4 km to the northwest (Table 1).
We did not fix any of the nine parameters (location, strike, dip, depth, width, length,

and slip) in the first inversion. In order to estimate some errors, we fixed the location,
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depth, length, and widthfor the final inversion. For various intermediate inversions we
found that thelocation of the fault and the strike and dip did not vary substantially.

The fault dimensions varied by a few kilometers and there was some tradeofl between
slipand fault size.

Inversions of GPS data are better suited for estimating potency (S A, fault slip
x fault arca)rather than moment because for thelatter assumptions must be made
about the fault rigidity. We estimated the moment of the earthquake using the moment
magnitude relation My, = 2/3log(M) — 10.7 [Hanks and Kanamori, 1979] making the
assumption that MI, >~M,. We thenestimatedthe rigidity of the fault using the relation
ft==M/(SA). The estimated rigidity of 1.9 + 0.2 x 10" dyne/cm? is about 35% lower
than typical crustal rigidities.

We compared this value to rigidities estimated from various depth dependent
velocity models for the region (rI’able 3). We used the relations i =a? . p/3, where
A=y, and p= % p, where cand 3 are the’and S wave velocities respectively
and p is the rock density [Lay and Wallace, 1995], to estimate the rigidity at various
depths, The estimated average rigidities for the depthrange O 5 km range from
1.5 — 2.5 x 10" dyne/cm? The estimates generally are higher to the southeast and
lower to the northwest nearthe Ventura basin. The average over al of the models for
this depth range is 2.1 + 0.5 x10"'dyne/cm? which is within the errors of the rigidity
estimated from the geodetic mnodel. The average over models B-I | which is more
appropriate to the location of the aftershock, is 1.9 1 0.3 x10'"'dyne/cim? for the same

depth range, and is nearly identical to the geodetic estimate of rigidity.

Discussion
This rather small aftershock was detectable with GPS only because it was so
shallow. Other aftershock of similar size were deeper and were not detectable with GPS.

For such a small aftershock it is important to correctly estimate t he farther field offsets



inorder to accurately determine tile fault dimensions. We sce no direct precursor or

post-seismic motion during the day of this event, but the longer time, series(Figure 2)
suggest that post- Northridge aseismic motions and the aftershock responded to the same
stress field. Part of the strain release occurred in the aftershock whilethe remainder

occurred aseismically.

Proper estimates of rigidity arc important to determining accurate moments and
moment rates. ‘I’his is in turn important in assessing seismic hazard. Both the seismic
velocity and geodetic potency estimates imply a reduced rigidity for the upper crust
compared to the mid- to low-crust. The GPS results indicate that the rigidity of the
fault zone that ruptured in the January 29 aftershock does not vary substantially from

the rigidity of the surrounding material.
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Figure 1. GPSstation locations (circles) with measured (arrows with ellipses) and
modeled offsets (heavy arrows), and thelocations of the January 17 mainshock,and
January 29 and March 20, 1994 aftershocks (open stars). The geodetic location of the
January 29 aftershock is markedby a solid star.

Figure 2. Tunesecries surrounding the January 29,1994 aftershock. Diamonds are for
data collected before the aftershock and gray squares are for data collected after the
aftershock. The uncertainties are scaled 1s errors. T'wo solutions are shown on the day
of the aftershock (January 29), one each for the time period before and after the event.
Note the differing scales for each component of motion.

Figure 3. Thirtysecond solutions for the north component of motion at the station

SAVE relative to CSUN.



Table 1.

Seismic [Hauksson ct al., 1995] and geodetic

aftershock parameters

Parameter Aftershock Solution
Date 94/01/29

Time 11:20:36

Latitude 34.305° 34.334°
Longitude -118.577° -118.604°
Magnitude 5.1

Potency 2.64 03 x 10 3km?
Moment 5.0 x10%dyne - cm

Depth 1.59 km 7.2 km

Strike 240° 239 +1°

Dip 80° 861 0.003°

Slip 74 + 48mm
Rake -20° -61 4 31°
Strike-slip 35 4: 37mm

Dip-slip
Length
Width

Rigidity

—65+ 51111111

5.0 km

7.3 kin

1.94 0.2 x10''dyne

CIn




Table 2. Station oflsets in mmused for the inversions. Frrors are scaled 1 o

Station North ast Up

J)SUN 1.4 428 0.6 £4.4 -16.3 +£16.7
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Table 2. (continued)

Station North Fast Up
JPLM 38 426 —1.74+4.2--10. 8+ 14.2
LNCH 1.8+ 4.4 1.8 +£4.7 —39.1 +28.6

SA¥FE  --35.,5 £2.8-83+4+4.2-39.74 149

12
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Table 3. Estimates of rigidity based on I’ (o) or S (8) wave velocities

Model Depth  Velocity p Jit 0-5 km
ki 111 kim/m®*  dyne.cm  average
A® 10 32420 2669.0 2.8 x 10" 2.8 x "

15 32464 26703 2.8 x 10"
20 3250.7 26716 2.8 x 10"
30 32503 26742 2.8 x 10"
40  3267.8 2676.7 29 X 10"
50 32953 2685.0 2.9 x 10"
6.0 33993 2716.2 31 x 10"
B 10  3073.3 26183 2.5 x10"2.2x o1
15 23161 24191 1.3 x 10"
20  2793.6 25343 2.0 x 10"
30  2869.4 25571 2.1 x 10"
40 30462 26102 24X 10**
50 32031 2657.3 27 X 10"
6.0 33448 2699.8 3.0 x 10"




Table 3. (continued)

Model Depth  Velocity p I o-5 km
km mi/s kim/m*® dyne.cm  average
ch 0.5 10000 2650.0 2 7x10°1.7x 10"
2.5 29000 2650.0 2.2 X 10"
50 31000 2650.0 25X 10"
100  5450.0 26500 2.9 X 10"
150  6000.0 26500 3.6 x 10"
D¢ 15  3100.0 2650.0 8.5 x 10'° 1.5X 10"
50  4900.0 2650.0 2.1 x 10"
75 54500 2650.0 2.6 x 10"
100  6000.0 2650.0 3.2 X 10"
D4 1.0 4000.0 2650.0 14 X1 Q]] 2.1 x 10"
20 45000 2650.0 1.8 x 10"
30 50000 2650.0 22 x 10"
40 52500 2650.0 24 X1 O
50 5500.0 2650.0 2.7 X 10"
100  6000.0 2650.0 3.2x 10**

*Model A and B from Magistrale {written commuunication] for

the seismic and geodetic location of the aftershock respectively.

Velocitiesinmodels A-C arc S wave velocities.

blrom [1/(meet «l., 1996]. Density estimates are assumed for

11)0( 10 1s (I,

“From [Pujol, 1996]. Velocities are 1 wave velocities.
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rom [Hauksson and Haase, 1 997]. Velocities are P wave

velocities.
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